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Abstract: A number of years ago, low-energy constraints on scalar diquarks, particles that
couple to two quarks, were examined. It was found that the two most weakly-constrained
diquarks are Du and Dd, colour antitriplets that couple to uiRu
j
R and d
i
Rd
j
R, respectively.
These diquarks have not been observed at the LHC. In this paper, we add the LHC measure-
ments to the low-energy analysis, and find that the constraints are significantly improved.
As an example, denoting xu as the Du coupling to the first and second generations, for
MDu = 600 GeV, the low-energy constraint is |xu| ≤ 14.4, while the addition of the LHC
dijet measurement leads to |xu| ≤ 0.13–0.15. Further improvements are obtained by adding
the measurement of single top production with a pT cut. These new constraints must be
taken into account in making predictions for other low-energy indirect effects of diquarks.
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1 Introduction
The Standard Model (SM) has been extremely successful in explaining almost all experi-
mental measurements to date. However, for a variety of reasons – the hierarchy problem,
dark matter, CP violation and the matter-antimatter asymmetry, etc. – it is generally be-
lieved that it is not complete. There must be physics beyond the SM. It was hoped that the
LHC would produce new-physics (NP) particles directly, but so far this has unfortunately
not happened. The scale of NP may be above the present reach of the LHC.
Still, even if this is the case, all hope is not lost: one can also search for NP through
indirect signals. (Indeed, there are currently indirect hints of NP in b → sµ+µ− and
b→ cτ−ν¯τ transitions [1].) Of course, for a particular kind of NP, if one wants to examine
how large the indirect effects can be in a given process, one must include the constraints
on its mass and couplings derived from direct searches.
One possible type of NP is a diquark, a particle that couples to two quarks. A diquark
can be a scalar or a vector, and transforms as a 6 or 3¯ of SU(3)C . In this paper, we
focus on scalar diquarks. These appear in models with E6 [2] or SU(2)L × SU(2)R ×
SU(4)C [3] symmetry, and in supersymmetry with R-parity violation [4]. Studies of diquark
phenomenology mostly fall into three categories: (i) the LHC discovery reach for scalar
diquarks [3, 5–19], (ii) explanations of the Tevatron tt¯ forward-backward asymmetry [20–
28], and (iii) contributions to n-n¯ oscillations [13, 29–35]. Thus, there is a good deal of
room to examine the effect of diquarks in other processes (for example, see Refs. [36, 37]).
In 2011, Giudice, Gripaios and Sundrum (GGS) [38] considered diquarks with sizeable
flavour-dependent couplings to light quarks, and examined the low-energy constraints1
from flavour-changing neutral currents, electric-dipole moments and neutral meson mixing.
This was done for both the 6 and 3¯ diquarks. They found that two types of diquark, both
1Other analyses have examined the constraints on diquarks from LEP data [39] and flavour physics [40].
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transforming as a 3¯ under SU(3)C , were rather immune to the constraints. That is, they
could be rather light even while keeping reasonably large couplings. They are Du and Dd,
diquarks that couple to uiRu
j
R and d
i
Rd
j
R, respectively (here i and j are generation indices).
They encouraged the search for these scalar diquarks at the LHC.
Now, we know that, to date, diquarks have not been observed at the LHC. But this
does not exclude the possibility of measurable indirect effects in low-energy processes. As
noted above, if one wants to predict how large such effects can be in a particular process,
it is important to take into account the constraints from direct searches on the diquark’s
mass and couplings.
With this in mind, in this paper we extend the GGS analysis to include the constraints
from the LHC. These come in two types. First, there are the constraints from direct
searches, which apply to both Du and Dd. Second, there are indirect constraints on Du due
to its contribution to top-quark production. Processes that can potentially be important
include the production of tt¯, tt and single top production. We will show that the LHC
constraints reduce the allowed parameter space of diquark masses and couplings compared
to GGS.
We begin in Sec. 2 with a summary of the various scalar diquarks. The low-energy
(GGS) constraints are reviewed in Sec. 3. Sec. 4 contains our analysis of the constraints
from direct searches at the LHC. Constraints from single top production are examined in
Sec. 5. We conclude in Sec. 6.
2 Scalar Diquarks
We consider the addition of a scalar diquark to the SM. This scalar diquark D has mass
MD, spin 0, and couples to a pair of quarks. Similar to the parametrization of Ref. [9], we
write the interaction Lagrangian after electroweak symmetry breaking as
L =
√
2 Kk
ab
Dk qia λij PL,R q
j
b
C
+ h.c. (2.1)
Here a, b ∈ {1, 2, 3} are colour indices, i, j ∈ {1, 2, 3} are generation indices, PL,R ≡
(1∓γ5)/2 is the left- or right-chirality projection operator, and qC ≡ C q T is the conjugate
quark field. Since it couples to two quarks, the diquarkDk transforms as a 6 or 3¯ of SU(3)C ;
the index k runs over the components of the representation (1 to 6 for a 6, 1 to 3 for a 3¯).
The Kk
ab
are the SU(3)C Clebsch-Gordan coefficients coupling this representation to two
3s. λij is the coupling to the i and j generations. Note that the two quarks coupling to
the diquark have the same chirality.
The Clebsch-Gordan coefficients Kkab for the 6 diquark representation are symmetric,
while for the 3¯ diquark representation the Kkab are antisymmetric. Given that a 3¯ diquark
is an antifundamental representation of SU(3)C [9], we can assign it a single colour index c.
This allows us to write the Lagrangian for a 3¯ diquark as
L3¯ = cab Dc qia λij PL,R qjb
C
+ h.c.. (2.2)
When two quarks combine to form a diquark, the symmetry of the combined state is
directly dependent on the individual symmetries under SU(3)C and SU(2)L. For instance,
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Name SU(3)C SU(2)L U(1)Y Coupling
I 6 3 +1/3 (QLQL)
II 3¯ 3 +1/3 [QLQL]
III 6 1 +1/3 [QLQL], uRdR
IV 3¯ 1 +1/3 (QLQL), uRdR
V 6 1 +4/3 (uRuR)
VI ≡ Du 3¯ 1 +4/3 [uRuR]
VII 6 1 −2/3 (dRdR)
VIII ≡ Dd 3¯ 1 −2/3 [dRdR]
Table 1. Scalar diquarks classified by their charges under the SM gauge group. In the ‘Coupling’
column, parentheses indicate a symmetric coupling and square brackets indicate an antisymmetric
coupling with respect to flavour indices [38].
consider QLQL. Under SU(3)C , the combination of two 3s produces a 6 (symmetric) and a
3¯ (antisymmetric). Under SU(2)L, 2× 2 yields a 3 (symmetric) and a 1 (antisymmetric).
Thus, the state (3¯,1)+1/3 of SU(3)C × SU(2)L is overall symmetric. Similarly, if one
considers uRuR, the state (3¯,1)+4/3 is antisymmetric.
The symmetry of the combined state under interchange of quarks has important im-
plications for the couplings of the diquark. If the diquark state is antisymmetric under
the exchange of two quarks, then the coupling to two quarks of the same flavour vanishes.
As a consequence, we see that the antisymmetric diquarks only couple to pairs of quarks
with different flavours. We thus see that the antisymmetry of the diquark state under
the SM gauge group entails an antisymmetry under flavour [38]. This antisymmetry has
important consequences, as it implies that any flavour-changing diagram must involve all
three generations of quarks [38].
With this in mind, all possible scalar diquarks that couple to quarks within the SM
can be classified by their charges under the SM gauge group SU(3)C × SU(2)L × U(1)Y
[12, 38]. They are presented in Table 1, where we use the convention Q = I3 + Y .
3 Low-energy Constraints
In Ref. [38], GGS worked out the low-energy constraints on these diquarks. We review
their results in this section.
First, if one imposes only the SU(3)C×SU(2)L×U(1)Y gauge symmetry, diquarks can
also have a dimension-four Yukawa-type coupling to a lepton and a quark. The presence
of both diquark and leptoquark couplings would lead to proton decay [38], and would of
course place extremely stringent constraints on the diquarks’ couplings and masses. This
would essentially rule out any effects at the TeV scale and below. In order to avoid this,
there must be an additional global symmetry, such as lepton number or baryon number,
that forbids this leptoquark coupling.
Diquarks I, V and VII all contribute at tree level to the ∆F = 2 process M0-M¯0
mixing (M = K, D, Bd, Bs) (see Fig. 1a). This leads to very strong constraints on these
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Figure 1. Diquark contributions to M0-M¯0 mixing at (a) tree level and (b) one loop.
diquarks. The other diquarks contribute to meson mixing at one loop via a box diagram
(see Fig. 1b). However, not all contributions are the same size. Consider diquark II.
Since it couples only to left-handed quarks, there is also a box diagram in which one of
the internal diquarks is replaced by a W . And since the W is considerably lighter than
the D, this amplitude is larger than the analogous amplitude with two virtual diquarks,
leading to stronger constraints on diquark II. As for diquarks III and IV, they couple to
both left- and right-handed uidj pairs. This leads to non-chiral ∆F = 2 operators which
are greatly enhanced when compared to the chiral operators. Once again, this leads to
stronger constraints on diquarks III and IV. This result holds even in the case where one
of the couplings (left- or right-handed) dominates [38].
The upshot is that, of the eight possible diquarks, two of them – VI ≡ Du and
VIII ≡ Dd – are more weakly constrained than the others. It is for this reason that
GGS suggested that these scalar diquarks be searched for at the LHC. In this paper, we
examine the additional constraints on these diquarks from the LHC using direct searches
and measurements of top production.
The Dq diquark (q = u, d) couples to qiRq
j
R. Since it transforms as (3¯,1) under
SU(3)C × SU(2)L, the coupling λij is antisymmetric. In their analysis, GGS write this
coupling as
λqij ≡ ijkλqk =⇒ λq =
 0 λ
q
3 −λq2
−λq3 0 λq1
λq2 −λq1 0
 . (3.1)
The constraints on the λqi come from a variety of processes. For real couplings, which
we consider in our analysis, they are as follows. For λdi , they include K
0-K¯0 and B0d-B¯
0
d
mixing, b → sγ and b → dγ, Rb, and B± → φpi±. For λui , there are only D0-D¯0 mixing
and Ac (defined in terms of the coupling of the Z boson to charm quarks). The constraints
from these various quantities are given in Table 2.
In our analysis, we distinguish between the couplings that involve only light quarks
(first and second generations) and those involving the third generation of quarks (we assume
the couplings involving the first and third generations have the same magnitude as those
involving the second and third generations). In the GGS convention, this corresponds to
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Process Bound (MD/TeV)
∆mK |λd1λd2| ≤ 4.6× 10−2
B0d-B¯
0
d mixing |λd1λd3| ≤ 3.6× 10−2
b→ sγ
√
|λd2λd3| ≤ 1.8
b→ dγ
√
|λd1λd3| ≤ 0.9
Rb |λd1,2| ≤ 24
B± → φpi±
√
|λd1λd3| ≤ 0.1
D0-D¯0 mixing |λu1λu2 | ≤ 1.5× 10−2
Ac |λu3 | ≤ 24
Table 2. Bounds in units of MD/TeV on the couplings of the diquarks D
d and Du [38].
setting λq1 = λ
q
2 = y
q and λq3 = x
q. The coupling matrix is then given by
λq =
 0 xq −yq−xq 0 yq
yq −yq 0
 . (3.2)
We can now translate the GGS bounds to our notation. For Du, the bound from D0-
D¯0 mixing yields |yu|2 ≤ 1.5 × 10−2 (MD/TeV), or |yu| ≤ 0.12
√
(MD/TeV). The bound
from the electroweak precision tests (Ac) is |xu| ≤ 24 (MD/TeV). For Dd, the K0-K¯0 mass
difference ∆mK imposes that |yd| ≤
√
4.6× 10−2(MD/TeV). Similarly, the constraints
from B0d-B¯
0
d mixing require |xdyd| ≤ 3.6× 10−2(MD/TeV).
In our analysis, we consider two diquark masses, MD = 600 GeV and MD = 1 TeV.
For these two masses, the constraints are2
MD = 600 GeV MD = 1 TeV
|yu| ≤ 0.09 , |yu| ≤ 0.12 ,
|xu| ≤ 14.4 , |xu| ≤ 24 , (3.3)
|yd| ≤ 0.17 , |yd| ≤ 0.21 ,
|xdyd| ≤ 0.022 , |xdyd| ≤ 0.036 .
4 LHC Constraints: Direct Searches
In this section, we obtain constraints on the diquark parameter space using measurements
of dijet production at the LHC. In Ref. [41], the CMS Collaboration presents measurements
of narrow dijet resonances at
√
s = 13 TeV. It is found that the data exclude the scalar
diquarks in E6 models [2] with a coupling constant of electromagnetic strength for masses
less than 7.2 TeV. This result is obtained from the model-independent observed 95% CL
2For |xdyd|, we consider the constraint from B0d-B¯0d mixing, as the constraint from B± → φpi±, though
apparently more stringent, involves additional theoretical assumptions [38].
– 5 –
upper limits on the product σBA for quark-quark resonances. Here σ is the production
cross section, B is the branching ratio for a dijet decay, and A is the acceptance, which in-
cludes kinematic requirements of the dijet final state. The observed and expected values of
σBA from Ref. [41] are presented in Fig. 2 as black dots and a red dashed line, respectively.
Ref. [41] states that these limits can be directly compared to parton-level calculations of
σBA without detector simulation.
In order to get constraints from direct searches, we compare these results with the
predictions of σBA for the scalar diquarks Du and Dd. These are obtained by calculating
the leading-order (LO) cross section for the production process pp → Du,d, as well as
the branching ratio for the decay of the corresponding diquark into light quarks, namely
BR(Du → u c) and BR(Dd → d s). The acceptance is calculated following the prescription
in Ref. [41]. It is defined as A = A∆Aη, where A∆ is the acceptance of requiring |∆η| < 1.3
for the dijet system and Aη is the acceptance of also requiring |η| < 2.5 for each of the jets.
Since we are considering scalar diquarks, which have isotropic decays, we set A∆ = 0.57
for all masses. For diquark masses less than 1.6 TeV, we set Aη = 0.95 to account for
the decrease of acceptance in this lower mass range. For larger masses, Aη is set to 1. In
summary, the acceptance for the low-mass range is set to A = 0.54 while for higher masses
it is set to A = 0.57.
The calculations are performed using MadGraph5 amc@NLO version 2.7.2 [42] by
implementing the NP alongside the SM with FeynRules [43]. We base our implementation
on the existing model file for triplet diquarks in the FeynRules model database [44]. The
parton distribution function (PDF) used is CTEQ6L1 [45] and both the renormalization
and factorization scales are set to the diquark mass MD. The LO cross section calculated
by MadGraph5 amc@NLO is multiplied by an approximate NLO K factor (K = 1.3)
based on the results of Ref. [9]. In all calculations, the requirements for the narrow-width
approximation are satisfied: the Γ/MD ratio is smaller than 2% for couplings up to 0.2 and
it is smaller than 5% for couplings up to 0.3.
We begin by considering the case where all the diquark couplings are equal and of
electromagnetic strength, λij = 0.3, for masses ranging from 600 GeV to 8.1 TeV. The
predicted values of σBA for both diquarks are presented in Fig. 2. We find the lower
bounds on the masses to be MDu ,MDd >∼ 2.5 TeV. The limits are nearly identical for
Du and Dd. This is expected. For each diquark, the production is dominated by one
subprocess: u c→ Du and d s→ Dd. At the same time, the relative densities of the initial-
state quarks inside the proton roughly follow the order u > d > s > c. The combination of
the two effects means that the predictions for σBA are very similar in the two cases. The
differences become more pronounced as we go to higher diquark masses.
Next, we explore the scenario where the light-quark couplings xq and the third-
generation couplings yq are different. We consider two representative diquark masses of
600 GeV and 1 TeV, and perform a scan over the pair of couplings (xq, yq), in which each
coupling varies from 0.05 to 0.3 in steps of 0.01. For each pair, we calculate the corre-
sponding prediction for σBA. A cubic interpolation is then performed in order to span
the entire region of interest in the parameter space. The resulting values are compared to
the observed upper limits obtained by CMS. It must be noted that, for coupling values
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Figure 2. Theoretical predictions of σBA for diquarks Du (blue cross) and Dd (orange plus
sign), for the case where all couplings are equal and of electromagnetic strength. Observed values
at 95% CL (black dots) and expected values (red dashed line) from Ref. [41] are presented for
comparison.
lower than 0.05, the calculated partial width of the diquark is smaller than the QCD scale,
meaning that a perturbative approach is no longer valid. For this reason we do not consider
couplings less than 0.05.
The σBA predictions for Du can be found in Fig. 3. We superpose the bounds from
GGS [Eq. (3.3)] (black dashed line). The region of parameter space above this line is
excluded. We draw the bound on σBA from CMS (red solid line), so the region to the
right of this line (dark shade of red) is excluded and the region to the left (light shade of
red) is allowed. The net effect is that there is a considerable improvement over the GGS
bounds. Specifically, there are new constraints on the coupling to lighter generations, |xu|.
For MDu = 600 GeV, |xu| must take values less than 0.13–0.15, while, for MDu = 1 TeV,
this upper limit is 0.08–0.11. In both cases, the value of the upper limit on |xu| depends
on the value of |yu|.
For Dd, the σBA predictions are shown in Fig. 4. The GGS bounds [Eq. (3.3)] on
|xdyd| (black dashed line) and |yd| (black dotted line) are superposed, as is the σBA bound
from CMS (red solid line). As above, the region to the right of this red solid line is excluded
and the region to the left is allowed. Once again, we find a significant improvement over
the GGS bounds: |xd| ≤ 0.15–0.17 (MDd = 600 GeV) and 0.09–0.13 (MDd = 1 TeV).
5 LHC Constraints: Single Top Production
Further LHC constraints on diquarks can come from measurements of top-quark produc-
tion. Processes potentially include the production of tt¯ pairs, tt pairs, and single top
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Figure 3. Theoretical predictions of σBA for the Du diquark with (a) MDu = 600 GeV and (b)
MDu = 1 TeV for different values of the light-quark coupling |xu| and the third-generation coupling
|yu|. The observed 95% CL upper limit on σBA [41] is indicated by the red solid line. The black
dashed line denotes the GGS constraint on |yu| [Eq. (3.3)].
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Figure 4. Theoretical predictions of σBA for the Dd diquark (a) MDd = 600 GeV and (b)
MDd = 1 TeV, for different values of the light-quark coupling |xd| and the third-generation coupling
|yd|. The observed 95% CL upper limit on σBA [41] is indicated by the red solid line. The black
dashed line and black dotted line denote the GGS constraints on |xdyd| and |yd|, respectively
[Eq. (3.3)].
production. These constraints are explored in this section. Note that here we are inter-
ested in obtaining an improvement over the constraints already obtained from the dijet
channel.
Two points are immediately obvious. First, only the Du diquark can contribute to
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Figure 5. Diquark contributions to single-top production in the t channel in p p collisions.
these processes since the Dd diquark does not couple to top quarks. Thus, any constraints
apply only to Du. Second, because this diquark is an antisymmetric state, it cannot couple
to two quarks of the same flavour. As a result, it does not contribute to tt production.
This leaves us with tt¯ and single top production.
Consider first the production of tt¯ pairs. At the LHC, its cross-section is dominated by
gluon-initiated processes. The remaining contributions arise from qq¯ → tt¯ processes, which
would include contributions from the Du diquark. However, if we restrict to couplings
allowed by the GGS and dijet data, we find that the diquark contribution is overwhelmed
by the SM contributions. For this reason, we are not able to obtain meaningful constraints
from tt¯ production measurements.
We now turn to single-top production (STP) [46]. In the SM, this process occurs at
LO via three modes: a t-channel process q b→ q′ t and an s-channel process q q′ → t b, both
occurring through W -boson exchange, and a direct tW production. Of these, the dominant
production mechanism at the LHC is via the t-channel. Indeed, this has been measured
by both the ATLAS and the CMS Collaborations with greater precision than the other
modes. Now, the Du diquark can contribute at tree level to this STP mode, as shown in
Fig. 5. Thus, by comparing the measured value of the cross section for this process with
the predicted value including both the SM and NP, it is possible to put further constraints
on the mass and couplings of the Du diquark.
A summary of the measurements of the STP cross sections at the LHC is shown in
Fig. 6. For the combined productions of t and t¯ quarks in the t channel, we have the
following measurements: σ(tq + t¯q) = 89.6+7.1−6.3 pb for
√
s = 8 TeV from ATLAS [47] and
σ(tq + t¯q) = 207 ± 31 pb for √s = 13 TeV from CMS [48]. These must be compared to
the SM prediction. The SM prediction of the t-channel STP cross section for p p collisions
recommended by the ATLAS and CMS Collaborations [50] is σSM(tq + t¯q) = 84.7
+3.8
−3.2 pb
at
√
s = 8 TeV and σSM(tq + t¯q) = 217
+9.0
−7.7 pb at
√
s = 13 TeV. These are calculated for
mt = 172.5 GeV at next-to-leading order (NLO) in QCD using Hathor v2.1 [51, 52]. The
PDF and αS uncertainties are calculated using the PDF4LHC prescription [53] with the
MSTW2008 68% CL NLO [54, 55], CT10 NLO [56] and NNPDF2.3 [57] PDF sets, added
in quadrature to the scale uncertainty [50].
In order to put constraints on the Du diquark, we calculate the LO cross section
σLO(tq+ t¯q) for the production of a t or t¯ accompanied by a light quark from a p p collision.
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Figure 6. Summary of the available single-top production cross-section measurements from the
LHC [49].
These calculations are once again performed using MadGraph5 amc@NLO version 2.7.2 [42]
by implementing the NP alongside the SM with FeynRules [43]. We use the CTEQ6L1
PDF [45] and both the renormalization and factorization scales are set to mt = 173 GeV.
In order to approximate higher-order QCD corrections, this value is then scaled with the
corresponding K factors obtained from the NLO SM predictions, K = σSMNLO/σ
SM
LO , which
are K = 1.13 for
√
s = 8 TeV and K = 1.12 for
√
s = 13 TeV. In our analysis, we consider
diquark masses of 600 GeV and 1 TeV, and we scan over the pair of couplings (xu, yu), in
which each coupling varies from 0.05 to 0.3 in steps of 0.05. Moreover, a cubic interpolation
is performed in order to span the region of interest in the parameter space and to draw
filled contour plots.
The predictions for the t-channel STP cross section at
√
s = 8 TeV and 13 TeV, for
MDu = 600 GeV are shown in Fig. 7. The corresponding experimental measurement is
drawn, as are the boundaries of the regions describing the 1σ, 2σ and 3σ deviations from the
experimental central value. Constraints from GGS and from the direct searches described
in Sec. 4 are also shown. We see that, at this stage, STP measurements do not lead to
an improvement over the previously-obtained constraints, i.e., those from GGS and dijet
measurements. In fact, for MDu = 1 TeV, the predictions for σ(tq + t¯q) lie entirely within
the 1σ region of the measurement, for all |xu| and |yu| considered. For this reason we do
not include those plots here.
In order to improve upon the earlier constraints, we focus on a reduced phase space.
To be specific, we consider two pT intervals: 50 GeV ≤ pT (t) ≤ 300 GeV and 100 GeV ≤
pT (t) ≤ 300 GeV. While these cuts can be easily implemented in MadGraph5 amc@NLO
to obtain the theory SM+NP prediction, the corresponding measurements are not read-
ily available. We use measurements of the differential cross section from ATLAS [47] at√
s = 8 TeV and integrate over a subset of the bins to obtain both the experimental central
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Figure 7. Theoretical predictions of the total STP cross section σ including the contributions of
the diquark Du. Results are shown for MDu = 600 GeV at (a)
√
s = 8 TeV and (b)
√
s = 13 TeV.
The central value σexp of the experimental measurement is shown (black solid line), as are the 1σ,
2σ and 3σ regions (black dotted lines). Constraints from D0-D¯0 mixing (black dashed line) [38]
and direct searches (red solid line) (Sec. 4) are also included.
value and the uncertainties for each range of pT (t). We obtain 47.7±2.5 pb for the interval
starting at 50 GeV and 16.1± 1.5 pb for the one starting at 100 GeV. Furthermore, as our
calculation in MadGraph5 amc@NLO is at LO, we need to obtain appropriate K factors
to approximate the NLO contribution. We do this by carrying out the same integration
procedure, this time on the SM prediction in the ATLAS analysis [47, 58]. Our LO results
are then scaled up using K factors, namely K = 1.33 for the interval starting at 50 GeV
and K = 1.53 for the interval starting at 100 GeV.
The theoretical predictions for the total STP cross section with MDu = 600 GeV and
the aforementioned cuts on pT (t) are shown in Fig. 8. We have varied (x
u, yu) from 0.05 to
0.2 in steps of 0.01. We now observe a reduction of the allowed region of coupling values
compared to the allowed regions from the previously-discussed constraints. These results
indicate that the consideration of cuts can indeed strengthen the constraints on the Du
diquark.
A similar analysis can be performed for MDu = 1 TeV. However, in order to obtain
an improvement on the constraints, one would have to choose a different pT interval,
excluding more of the lower pT region and including more of the higher pT region. That is,
measurements of the differential cross section up to higher values of pT would be required.
These are as yet unavailable. If they do become available in the future, for
√
s = 8 TeV
and/or 13 TeV, it would be possible to obtain more stringent constraints on diquarks of
masses 1 TeV and higher.
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Figure 8. Theoretical predictions of the total STP cross section σ at
√
s = 8 TeV including
the contributions of the diquark Du with MDu = 600 GeV. Results are shown for different top
transverse momentum pT (t) intervals, where the minimum values for pT (t) are (a) 50 GeV and (b)
100 GeV, both having a maximum value of 300 GeV. The central value σexp of the experimental
measurement is shown (black solid line), as are the 1σ, 2σ and 3σ regions (black dotted lines).
Constraints from D0-D¯0 mixing (black dashed line) [38] and direct searches (red solid line) from
Sec. 4 are also included.
6 Conclusions
For a variety of reasons, it is generally believed that there must be physics beyond the
SM. The clearest evidence of this NP would be if new particles were produced at high-
energy colliders. Unfortunately, to date, direct searches at the LHC have not found any
evidence of new particles. The other way of finding NP is through indirect searches: if
the measurement of a low-energy process disagreed with the SM prediction, that would
indicate the presence of NP. Suppose that such an indirect signal were seen. In order to
check if a particular type of NP could be responsible, it would be necessary to (i) determine
what mass and couplings of the NP particle are required to explain the indirect signal, and
(ii) check whether such values of the mass and couplings are consistent with constraints
from direct searches. In other words, as part of the program of indirect searches for NP, it
is important to keep track of the direct-search constraints.
In this paper, we apply this to scalar diquarks, particles that couple to two quarks.
There are eight different types of scalar diquarks. In Ref. [38], Giudice, Gripaios and
Sundrum (GGS) found that the two most weakly-constrained diquarks are Du and Dd,
which both transform as a 3¯ under SU(3)C , and couple respectively to u
i
Ru
j
R and d
i
Rd
j
R.
To date, these diquarks have not been observed at the LHC. We therefore extend the GGS
analysis to include the constraints from the LHC, focusing on two masses: MD = 600 GeV
and 1 TeV.
There are two types of LHC constraints. First, there are the measurements by the
– 12 –
CMS Collaboration of narrow dijet resonances at
√
s = 13 TeV [41] which apply to both
Du and Dd. We find that these measurements provide significant improvements on the
GGS constraints. Here are some examples. We denote xq as the Dq coupling to the first
and second generations, and yq as the Dq couplings to the first and third or second and
third generations. For MD = 600 GeV, GGS finds |xu| ≤ 14.4 and |xdyd| ≤ 0.022 (with
|yd| ≤ 0.17). The LHC dijet constraints imply |xu| ≤ 0.13–0.15 and |xd| ≤ 0.15–0.17.
The second constraint applies only to Du, and arises from its indirect contribution to
single top production. We find that, using only the cross section measurements (Fig. 6),
there are no improvements on the above constraints. However, for MD = 600 GeV, we
find that the allowed region of (|xu|, |yu|) parameter space can be significantly reduced by
applying a pT cut.
Finally, the reader may have wondered why we chose diquark masses of 600 GeV and
1 TeV for our detailed analysis. So far, we have not addressed/explained this choice. On
the other hand, by now it may have already become clear: our purpose was to demonstrate
how the constraints on the diquark parameter space can be improved using data from
dijet and STP measurements. We chose diquark masses for which this demonstration was
possible with the existing experimental data. The LHC will run for several more years,
and additional data, particularly for STP in the high pT region, can be used in the future
to improve and extend the limits obtained here.
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